Teleseismic P wave arrivals were recorded by a dense array of seismograph stations located in the Coso geothermal area, California. The resulting pattern of relative residuals reveals an area showing approximately 0.2-s excess travel time that migrates with changing source azimuth, suggesting that the area is the 'delay shadow' produced by a deep, low-velocity body. Inversion of the relative residual data for three-dimensional velocity structure determines the lateral variations in velocity to a depth of 22.5 km beneath the array. An intense low-velocity body, which coincides with the surface expressions of late Pleistocene rhyolitic volcanism, high heat flow, and hydrothermal activity, is resolved between 5-and 20-km depth. It has maximum velocity contrast of over 8% between 10 and 17.5 km. The shallowest part of this body is centered below the region of highest heat flow; at depth it is elongate in approximately the N-S direction. The hypothesis that this low-velocity body is caused by the presence of partial melt in the middle crust is consistent with the local seismic, geologic, and thermal data.
INTRODUCTION
Analysis of teleseismic P waves recorded above geothermal systems has proven to be an effective method of determining the seismic properties of the underlying crust and upper mantle. A model of the seismic velocity structure provides useful constraints on the compositional and physical states of the geothermal system at depth. Teleseismic P wave delays have been used extensively to infer velocity structure at several geothermal systems, including The Geysers, California [Steeples and Iyer, 1976a ; Iyer et at., 1979], Yellowstone, Wyoming [Iyer, 1975; Iyer and Stewart, 1977; Zandt, 1978; Iyer, 1979] , Long Valley, California [Steeples and Iyer, 1976b] , and Kilauea Volcano, Hawaii [Ellsworth and Koyanagi, 1977] .
In this paper the three-dimensional velocity structure under the Coso Range geothermal area, southern California, is studied using the P phases of steeply incident teleseismic waves. Lateral variations in velocity are estimated from observed P wave delays both by simple modeling employing ray tracing (the forward problem) and by the single-step three-dimensional inversion technique described by Aki et at. [1977] .
The data are derived from approximately 5-kin-wavelength plane compressional waves recorded by an array of sensors ~25 km in diameter with station spacing approximately 5 km in the center of the array (Figure 1 and Table 1 The data considered in this study are the variations in the relative travel time between individual sensors as observed for steeply incident teleseismic P waves. These data are formed by differencing a predicted phase arrival time with arrival times measures on the seismograms. Relative travel time data for a dense, small-aperture network like the Coso array in essence map the cumulative phase distortion of the wave front created by its passage through heterogeneous structure encountered along its travel path. It is these relative delays in the wave front that are of central interest here and will be used to infer the presence (or absence) of lateral variations in velocity beneath the seismograph array. Measurements of P wave travel times. Travel times for the permanent network data were determined visually by measuring the arrival time of the first peak and/or zero crossing of the P wave train. The uncertainty in t'uning clear arrivals is estimated to be better than 0.05 s. Arrival times for the Centipede network data were obtained by phase correlation of the P wavelets, as suggested by Press and Biehler [1964] . These measurements were made using an interactive computer program described by Reasenberg [1978] . The principal advan- The relative residual patterns produced by these two methods are in close agreement (Figure 3) . The insensitivity of the relative residuals to the particular reference wave front chosen demonstrates that the residual patterns observed reflect physical structure and are not merely artifacts of the analysis method. In the inversion analysis that follows, the Herrin residuals alone are used.
EVIDENCE FOR HETEROGENEOUS STRUCTURE FROM

INSPECTION OF RELATIVE RESIDUAL DATA
The 137 events recorded by the permanent network were grouped according to source azimuths, and the mean relative residuals for each azimuthal quadrant were plotted and hand-contoured (Figure 2) . Inspection of the delay patterns reveals areas of excess delay in the southeast comer of the network for events from the northwest (Figure 2a ) and in the northwest comer of the network for events from the southeast (Figure 2d) . The large width of the source regions contributing to these residual patterns tends to defocus any heterogeneous structure that might be present, and only the most general pattern is revealed. Indeed, the azimuthally widest source region procedures the smoothest pattern (Figure 2b ). Greater resolution of structural heterogeneity is obtained by observing waves from a smaller source region with a denser array. In Figure 3 , contoured relative residuals from the Centipede array are shown for two limited data sets, each representing a single source direction. A similar but more detailed delay pattern is revealed; the wave fronts from the northwest and southeast are delayed at stations southeast and northwest of the center of the array, respectively.
The azimuthal migration of accumulated wave front delays can most easily be explained as a 'delay shadow' produced by a low-velocity zone at depth. Accordingly, a crude model of a possible low-velocity zone can be made by ray tracing. Assuming a uniform upper crustal velocity of 6.0 km/s, a sphere Modeling of the surface layer requires special treatment because ray paths to individual stations do not mix with ray paths from neighboring stations above about 5-kin depth. Without loss of generality, each station ma•t then be assigned a unique first-layer element in place of a regular block format for this layer. Inversion of this three-layer model simultaneously determines average velocity variations for the block elements in layers 2 and 3 and surface element solutions (Table  1) Although the models adequately explain the data using less than 10% of the available degrees of freedom, the uniqueness and significance of the models must be quantified before a re- (Figures 4 and 5) . The structure has a width of approximately 5 km and becomes increasingly enlongated in the N-S, or N25 øE, direction with increasing depth. In each layer except the deepest the -1% velocity contour surrounds a single, simply connected zone. The maximum velocity contrast is between 5.6 and 8.4% and attains its maximum value between 10 and 17.5 kin.
Although this ensemble of layered models demonstrates the general properties of the lateral inhomogeneity over the entire depth range modeled, the details of the velocity structure are best seen by considering the unsmoothed solutions for the middepth model (Figures 4 and 6) . The solution for the surface layer (Figure 4a) shows below average velocity in the •-Upper bound on standard error given by ( The precision with which the P phases of seismograms from an array can be relatively timed by cross correlation varies with the signal-to-noise ratio and noise spectral content of the seismograms and with the degree to which the P pulse shape remains constant across the array. Because the Centipede array size is small (Figure 1) , the P pulse shape is similar from station to station, so that the correlation technique is appropriate for the Centipede data. Estimates of timing precision for the Centipede data were obtained statistically by crosscorrelating pairs of traces from ensembles of synthetic seismograms. Each synthetic seismogram was composed of a simple function resembling a teleseismic P pulse to which was added a unique sample of stationary, band-limited Gaussian noise. Each ensemble, consisting of 71 such traces, was characterized by a particular signal-to-noise ratio and noise spectrum (Figure 7) . Since the synthetic pulse function is identical in all traces (only the noise portion varied), the expected time lag between any two synthetic traces is zero. The cross correlation of all traces in an ensemble results in a distribution of estimates of lag between traces. The mean of the distribution tends to zero. The standard deviation provides a chi squared estimator of the expected error (due to noise) in the lag determined by the cross correlation. For each pair of ensembles corresponding to a particular combination of S/N ratio and noise spectrum the expected error estimate is shown in Table  6 Figure 7 shows examples of synthetic seismograms from each ensemble.
